e performed a prospective study in 186 patients with a minimum follow-up of two years in order to attempt to predict successful major re-implantation of the upper limb. There were 137 men and 49 women with 24 amputations of the palm, 75 of the wrist, 50 of the forearm, 9 disarticulations through the elbow, and 28 amputations through the upper arm.
There is no clear objective measurement which can help the surgeon to make a proper decision and to predict the immediate and late results. Most articles simply describe the authors' experience. [2] [3] [4] [5] [6] Some have tried to use an algorithm for the treatment of traumatic amputation, 7 but the measurements and assessment have been subjective and the numbers of patients small. We have tried to improve the quality of prediction and decision-making for major reimplantation of the upper limb.
Patients and Methods
The prospective study was carried out between 1985 and 1994, with a minimum follow-up of two years. Patients were included if they had a single-level isolated amputation or disarticulation of the upper limb between the shoulder and proximal to the mid-palm, no life-threatening condition or injury to other organs or systems, arrived at the hospital within eight hours of injury and had good health before. Those with multiple injuries, a multilevel amputation or disarticulation, severe contamination of the amputated part, systemic disease which could compromise either the circulation, blood coagulation, or renal and liver function or technical problems in regard to the amputated part were excluded. There were 186 patients, 137 men and 49 women. All had an isolated injury to the upper limb with complete amputation. Their mean age was 28.6 ± 6.95 years (19 to 38).
On admission, resuscitation, control of haemorrhage and the administration of broad-spectrum antibiotics and analgesia were started. We then performed a physical examination, a radiological study of the stump and the amputated part, a full blood count, screening for coagulation, hepatitis, electrolytes, venous blood gases and renal and liver functions, and an ECG. A central venous line and urethral catheter were inserted. Meanwhile, the patient's relatives and those who had transferred the patient to the hospital were interviewed about the mechanism of the injury, the duration of ischaemia and the preservation of the amputated part. The latter was taken to the operating theatre and examined under sterile conditions. The arteries, veins and nerves were identified and a debridement was carried out.
Having made the decision to re-implant, the patient was transferred to the theatre and anaesthetised. The type and extent of injury of the stump were recorded before debridement. The amputated part was temporarily perfused with arterial blood from the stump via heparinised silastic tubes 8 and venous blood was collected similarly. Meanwhile, definitive debridement, bone shortening and internal fixation of the bone were carried out. The venous blood was collected and sent for measurement of blood gases and electrolytes every 30 minutes until the anastomosis of the main arterial vessel had been completed. The systemic venous blood from the central venous line was also collected and sent for measurement of electrolytes before operation and every hour after for 24 hours. After the bone had been stabilised the artery was sutured or a vein graft used to establish continuity. Vein and nerve repair was then carried out followed by muscle, tendon and skin suture. Fasciotomy was undertaken in every patient. A Penrose drain and a bulky light pressure dressing with a plaster slab were used after the operation.
All patients were closely monitored in the intensive care unit. Skin temperature and pulse oxymeter monitoring of the finger or thumb of the amputated part were used to observe the circulation. The patient was transferred to the ward on the second postoperative day. Blood transfusions, intravenous fluid and analgesics were given as required. Tests for renal function, electrolytes and screening for coagulation were performed every day for one week. Broad-spectrum antibiotics and low-molecular-weight dextran were also prescribed.
Physiotherapy was started on the fifth day. All patients were followed up regularly for at least two years. The function, power and range of movement of the amputated part were measured. Analysis of variance was used for continuous data and discrete data were analysed by the chi-squared and Fisher's exact tests.
Results
Of the 186 patients, amputation had occurred in the palm in 24, the wrist in 75, the forearm in 50, the elbow in 9 and the upper arm in 28. No patient had a guillotine injury. There was a crush injury in 64 patients while avulsion had occurred in 102, and an extensive crush amputation was found in 20. There were no other injuries and all were admitted within eight hours. The amputated part had been cooled in 102 patients.
After arterial blood had been diverted to the amputated part, there was good perfusion in all except three men with arm amputations. They had extensive crush injuries and poor preservation of the amputated segment with five to eight hours of warm ischaemia. Direct arterial anastomosis was attempted, but 'the no-reflow' phenomenon was found and re-implantation was abandoned. They were excluded from the analysis.
Four patients (2.2%), three men and one woman, two with amputation through the arm, one through the palm and one with a disarticulation of the wrist, had signs of inadequate arterial perfusion within 24 hours of the operation. Re-exploration was carried out immediately and re-anasto- mosis of the arteries with a graft was performed. This was successful in the woman with a palm amputation but failed in the others. Clinical signs of the re-perfusion syndrome were found in ten men; eight had an arm amputation, one a disarticulation through the elbow, and one an amputation of the forearm. They had high temperatures, changes of consciousness, mild jaundice and an irregular pulse. Re-amputation and disarticulation were carried out. Three patients, two men and one woman, with a palmar amputation had venous obstruction followed by infection and failure. Failure of re-implantation occurred in 16 patients (8.6%), 15 men and one woman, and re-implantation could not be performed in three men (1.6%). Successful re-implantation was achieved in 167 patients (89.8%) who were followed up for a mean of 3.1 ± 1.0 years (2.1 to 5.3).
Heavy cigarette consumption, the severity of the injury and preoperative preservation of the amputated part had a significant effect on the outcome (Table I) . Amputation through the upper arm had a high rate of failure (40%). Gender and age had no clear effect on the outcome. The total time of ischaemia after the injury until arterial flow was established was similar in the successful and failed patients as were the operating time and the need for blood transfusion (Table II) . There was less infection in those with successful re-implantation.
After re-perfusion and debridement, the muscles and nerves in the amputated part were stimulated using a nerve Graph showing changes in the serum potassium concentration of the venous blood in the amputated segments during re-implantation.
stimulator (Aesculap D-7200; Tupplingen, Germany). Muscle contraction was observed in the non-contused area in 116 patients (69%) of the 167 patients in the group with successful re-implantation. There was no muscle contraction in all patients with failed re-implantation. The values for pH, pO 2 , O 2 saturation, HCO 3 and base excess (BE) in the venous blood samples which were collected from the silastic tube from the veins of the amputated segment were significantly lower than those from the central venous line. All were normal within one hour of re-perfusion. These figures were similar in both the failed and successful groups. The pCO 2 and serum potassium concentration of the venous blood of the amputated part were higher than those in the samples from the central venous line. The pCO 2 in the venous blood of the amputated segment became equal to the pCO 2 in central venous samples within one hour of re-perfusion. There was no significant difference in the changes of pH, pO 2 , O 2 saturation, HCO 3 , BE and pCO 2 in the failed group compared with the successful group.
The serum potassium concentration of the venous blood from the amputated segments was markedly high in the failed group except in palmar amputation (Table III) . After re-perfusion for one hour, all the successful re-implantation patients had normal serum venous potassium from the amputated section, but it was still high in those who had failed re-implantation (Table III and 4   Table IV . The mean (± SD; range) serum potassium concentration (mmol/l) in the venous blood of the first sample (30 min after re-perfusion) from the amputated segment related to the severity of injury in 183 patients
Type of injury Serum potassium concentration
Local crush 5.2 ± 1.0 (4.1 to 6.3) Extended crush 8.9 ± 2.1 (6.7 to 2.0) Avulsion 6.9 ± 2.0 (5.5 to 11.1) Fig. 2 Graph showing changes in the serum potassium concentration of the central venous blood of patients who had failed and successful re-implantation (palmar injuries were excluded).
from the amputated parts was related to the severity of injury (Table IV) . Changes in pH, pO 2 , O 2 saturation, HCO 3 , BE and pCO 2 of the venous blood samples from the central venous line of both groups were similar during the perioperative period (Table V) .
In failed re-implantation, the serum potassium concentration in the blood samples from the central venous line started to rise eight hours after operation (Table VI and Fig.  2 ). In those with clinical signs of a re-perfusion syndrome the serum potassium concentrations were markedly high and were sustained for 24 hours. Mild to moderate acidosis was also found in these patients. Re-amputation was carried out at 36.4 ± 5.6 hours after the initial operation. Intra-and postoperative ECGs in these patients with failed re-implantations also showed a high T-wave with a narrow base. After re-amputation, the serum potassium concentration and ECG became normal within 30 minutes. Other clinical signs of the re-perfusion syndrome subsided within six hours of re-amputation.
During the first 24 hours after operation there were no Photographs of a woman with a traumatic avulsion type amputation of her forearm (a) and severe soft-tissue damage at the stump (b). Re-implantation was successful (c). After reconstruction and rehabilitation the patient could use her hand to a limited degree and was classified as Chen III (d).
complications in the successful group, but two patients in whom the procedure failed had a respiratory distress syndrome and one had coagulopathy with early signs of renal failure. All recovered within ten to 14 days after re-amputation and supportive treatment. The period of hospitalisation of these patients was 41.8 ± 11.9 days, while the successful re-implantation patients needed only 12.3 ± 4.9 days. At the two-year follow-up, most of the patients had fair to poor results as classified by Chen et al 9 (Table VI and Fig. 3) . The serum potassium concentration of the venous blood from the amputated segment was also related to the functional outcome. All patients needed multiple reconstructive operations including tenolysis, tendon grafting, nerve surgery and multiple tendon transfer. All were satisfied with their re-implanted limb. Re-implantation of the arm had the worst functional outcome (Table VII) .
Discussion
Encouraging results have been reported after major limb reimplantation, with survival rates of 63% to 100%. [2] [3] [4] [5] [6] [7] The overall success rate in our study was 89.8% (167/186). The patients who did not fulfil our inclusion criteria were treated promptly with an appropriate procedure except for those with strong contraindications to major limb reimplantation, such as multiple injuries, a prolonged warm ischaemic time greater than 12 hours and multilevel amputation with severe crush injuries. [5] [6] [7] We did not include these patients in our study because the pathology was different and complete investigations could not be performed. The ischaemic time, especially of warm ischaemia, is one of the most important factors which influences the outcome. The longer the ischaemic time, the greater the changes in cellular metabolism in the amputated segment, especially in the muscles. These changes can produce permanent damage and a re-perfusion syndrome after reimplantation. Photographs showing a man with a crush amputation at his right wrist (a). Successful re-implantation was achieved with a good result (b and c). This patient was classified as Chen I.
could not tell the exact ischaemic time. All patients wanted re-implantation and reported that it was less than it had been. The effect of the ischaemic time on the outcome could not be interpreted clearly and seemed to have no effect according to our study. Preservation of the amputated segment showed a significant effect on the outcome and was a better predictor than ischaemic time.
Gender and age had no clear effect on the outcome of reimplantation which agrees with the report of Ipsen et al. 11 The level of injury had some impact on the survival rate as re-implantation of the arm had the lowest success rate. Reimplantation at the other levels had no significant difference in terms of survival. Patradul et al 5 reported better end results after re-implantation around the wrist than at other levels of the upper limb. The number of their patients was small, however, and the injury was of the local crushing and guillotine type. This produced less soft-tissue injury which may have resulted in better function. They also gave no information about the effect of the level of amputation on the rate of success. About half of our patients who had disarticulation and amputation at the wrist had an avulsion injury (38 of 74). All the tendons were pulled out from the muscles in the forearm as were the nerves which were badly damaged. Therefore the result of re-implantation around the wrist in our study was only moderate. In the patients who had a local crush amputation, the results were good (Fig. 4) . The type and severity of injury were good predictors of successful re-implantation and the functional outcome in our study is similar to that of previous reports. 11 Severe contamination was commonly found in extended crush and avulsion injuries, leading to a higher rate of infection and failure of re-implantation. Although smoking is a significant factor in failed re-implantation, most of our patients did not state that they were smokers. The number of heavy smokers in our study may therefore be underestimated. Muscle contraction after stimulation was a useful sign and was not seen in the failed group. Stimulation must be carried out at a site of none or minimal damage and should be performed after definitive debridement. If muscle contraction was observed after stimulation, successful reimplantation was likely. If there was no response after stimulation, the result could not be predicted. Other factors including severity of injury, its level, the state of the length of preservation, ischaemia and smoking should be considered together.
The potassium concentration in the intravascular compartment is critical. The amount of potassium ions which passes out of the cells relates to the severity and number of cells injured. Ischaemia and injury during re-perfusion play a major role in the survival of the cells in the amputated segments. In successful re-implantation, the concentration of serum potassium was significantly lower than in the failed cases. All patients with failed re-implantation had a serum potassium concentration in the venous blood of the amputated segments higher than 6.5 mmol/l and it remained above normal during the operation (Table III) . The concentration of serum potassium was also related to the severity of injury and to functional outcome when assessed after two years. These measurements were not applicable to palmar re-implantation. Mathieu et al 12 advocated the use of measurements of transcutaneous oxygen for the prediction of the outcome after limb ischaemia. This technique requires hyperbaric oxygen which is available only in some centres. Their study did not describe the long-term functional outcome.
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